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ABSTRACT

The neural crest (NC) is a transient, multipotent, migratory cell population unique to verte-
brates that gives rise to diverse cell lineages. Much of our knowledge of NC development comes
from studies of organisms such as chicken and zebrafish because human NCis difficult to obtain
because of its transient nature and the limited availability of human fetal cells. Here we exam-
ined the process of NC induction from human pluripotent stem cells, including human embry-
onic stem cells (hESCs) and induced pluripotent stem cells (iPSCs). We showed that NC cells
could be efficiently induced from hESCs by a combination of growth factors in medium condi-
tioned on stromal cells and that NC stem cells (NCSCs) could be purified by p75 using fluores-
cence-activated cell sorting (FACS). FACS-isolated NCSCs could be propagated in vitro in five
passages and cryopreserved while maintaining NCSC identity characterized by the expression of
a panel of NC markers such as p75, Sox9, Sox10, CD44, and HNK1. In vitro-expanded NCSCs were
able to differentiate into neurons and glia (Schwann cells) of the peripheral nervous system, as
well as mesenchymal derivatives. hESC-derived NCSCs appeared to behave similarly to endog-
enous embryonic NC cells when injected in chicken embryos. Using a defined medium, we were
able to generate and propagate a nearly pure population of Schwann cells that uniformly
expressed glial fibrillary acidic protein, S100, and p75. Schwann cells generated by our protocol
myelinated rat dorsal root ganglia neurons in vitro. To our knowledge, this is the first report on
myelination by hESC- or iPSC-derived Schwann cells. STEM CELLS TRANSLATIONAL MEDI-
CINE 2012;1:266-278

ment suggests that NC arises early in develop-
ment from the margins of the neural plate

INTRODUCTION

The neural crest (NC) is a transient population of
multipotent progenitors arising at the lateral
edge of the neural plate in vertebrate embryos
that then migrate throughout the body to gener-
ate a diverse array of tissues, such as the periph-
eral nervous system (PNS), endocrine cells in the
adrenal and thyroid glands, skin melanocytes,
craniofacial cartilage, bone, and teeth [1, 2]. Hu-
man NC has not been studied because of the dif-
ficulty in obtaining 3-5-week human embryos
and the transient nature of this stem cell popula-
tion.

Nevertheless, much has been learned
about NC in Xenopus, zebrafish, avian, and ro-
dent models using a variety of techniques
ranging from transplants in chick quail chime-
ras to large-scale mutagenic screens in ze-
brafish and conditional knockouts in mouse
models [2—7]. The emerging model of develop-

and epithelium as the neural tube undergoes
closure. Cells undergo an epithelial to mesen-
chymal transition and migrate along medial
and lateral pathways around the developing
somites. As they migrate, NC stem cells
(NCSCs) undergo progressive restriction of cell
fate to give rise to the diverse differentiated
phenotypes characteristic of this stem cell
population.

Analysis of the developmental potentials of
NC in clonal cultures suggests that the migratory
NC is a collection of heterogeneous progenitors,
including various types of intermediate precur-
sors and highly multipotent cells, some of which
are endowed with self-renewal capacity, includ-
ing a common progenitor for mesenchymal de-
rivatives and neural/melanocytic cells [8]. In ad-
dition, initial fate acquisition of premigratory NC
is not dependent on the migratory environment.
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The fate of crest cells has been restricted prior to emigration [9].
These results are consistent with a hierarchical model of lineage
segregation analogous to that proposed for the hematopoietic
system wherein environmental cytokines control the fate of pro-
genitors and stem cells.

Several key steps and signaling pathways involved in NC de-
velopment (e.g., Wnt and transforming growth factor ) have
been identified and shown to be conserved across various spe-
cies [8, 10—-13]. Evidence that these pathways are likely con-
served in humans has come from analyzing hereditary disorders,
including neurocristopathies and peripheral neuropathies, that
affect different lineages in the PNS. It appears that the Sox family
of genes is important for NC induction and self-renewal [14],
whereas c-kit/stem cell factor and endothelin are important for
melanocyte differentiation [15-17], neurogenins are important
for sensory neuron differentiation [18, 19], MASH and HAND
genes are important for autonomic differentiation [20], neu-
regulins are important for Schwann cells [21], and RET/GDNF is
important for enteric neurons [22].

To develop a model system for a finer analysis of these key
signaling pathways, several investigators have examined the
process of NC induction from human embryonic stem cells
(hESCs) [23-27] because hESCs offer a potentially unlimited
source of this transient stem cell population. Although the meth-
odologies differ, the basic process has been to induce hESCs to a
neural stem cell (NSC) stage in either adherent or suspension
culture and then induce NC as a heterogeneous population using
coculture or defined medium and subsequently allowing the
cells to mature into a variety of phenotypes [25, 28]. In general,
the efficiencies have been low, and it has been difficult to sort for
enrichment of purified cells and to perform clonal analysis and
examine differentiation in detail.

In this article, we describe a system to analyze NC and
Schwann cell development. We show that NCSCs can be ob-
tained from cells migrating out of neural rosettes. The migrating
population can be purified using cell surface markers and be
propagated and cryopreserved without losing their differentia-
tion ability. The purified and in vitro-expanded NCSCs can then
be directed to differentiate into neural and non-neural deriva-
tives in vitro and in ovo. In addition, NCSCs and their differenti-
ated derivatives can be transfected using a novel high-efficiency
transduction protocol, making it feasible to perturb specific
pathways during NC development. Importantly, cells differenti-
ated from NCSCs appeared to be functional, at least for Schwann
cells, because they can myelinate rat dorsal root ganglia (DRG)
neurons. We have also extended this process to induced pluripo-
tent stem cells (iPSCs) and shown that a similar protocol can be
used to obtain models of human disease.

MATERIALS AND METHODS

Cell Culture

hESC and iPSC lines were either maintained on inactivated
mouse embryonic fibroblast (MEF) feeder cells in medium com-
posed of knockout Dulbecco’s modified Eagle’s medium/Ham’s
F-12 supplemented with 20% knockout serum replacement, 2
mM nonessential amino acids, 4 mM L-glutamine, 0.1 mM
B-mercaptoethanol, 50 wug/ml penicillin/streptomycin (all from
Invitrogen, Carlsbad, CA, http://www.invitrogen.com), and 4
ng/ml basic fibroblast growth factor (Sigma-Aldrich, St. Louis,

www.StemCellsTM.com

http://www.sigmaaldrich.com) or on Geltrex (Invitrogen)-
coated dishes in defined medium or medium conditioned with
MEF for 24 hours as previously described [29-31].

Induction and Purification of Neural Crest Stem Cells
from hESCs/iPSCs

hESC or iPSC colonies were cultured in suspension as EBs in Petri
dishes on a rocking platform [32] for 10 days in NC induction
medium containing 50% NSC medium (Neurobasal medium with
MEM nonessential amino acids, GlutaMAX [Invitrogen], B27, and
20 ng/ml fibroblast growth factor 2 [FGF2]) and 50% medium
conditioned by the stromal cell line PA6 [29] with Rock inhibitor
(10 wM) and ascorbic acid (200 uwM). The EBs were then plated
on cell culture plates coated with Geltrex (Invitrogen). Four
days after differentiation, NCSCs were sorted with fluores-
cence-activated cell sorting (FACS) by p75. Specifically, the
cells were dissociated by Accutase (Invitrogen), passed
through a 70-um nylon filter, and resuspended in NC induc-
tion medium. After 20 minutes of incubation with anti-
CD271-PE (1 wl per million cells; Miltenyi Biotec, Bergisch
Gladbach, Germany, http://www.miltenyibiotec.com), the
cells were washed once in staining medium and resuspended
in staining medium at a density of 3 million per milliliter. The
samples were sorted on a BD FACSAria special order system by
the FACSDiva 6.1.1 software. Sorted cells were centrifuged
and plated onto culture dishes coated with Geltrex in NC induc-
tion medium. NCSCs were expanded in the same medium for at
least five passages and used for differentiation or other analysis.
The cells were passaged by Accutase, and the medium was
changed every other day.

Immunocytochemistry

Immunocytochemistry and staining procedures were as de-
scribed previously [33]. Briefly, the cells were fixed with 4% para-
formaldehyde for 20 minutes, blocked in blocking buffer (10%
goat serum, 1% bovine serum albumin [BSA], 0.1% Triton X-100)
for 1 hour followed by incubation with the primary antibody at
4°C overnight in 8% goat serum, 1% BSA, 0.1% Triton X-100. Ap-
propriately coupled secondary antibodies, Alexa 350, Alexa 488,
Alexa 546, Alexa 594, and Alexa 633 (Molecular Probes, Eugene,
OR, http://probes.invitrogen.com; Jackson Immunoresearch
Laboratories, West Grove, PA, http://www.jacksonimmuno.
com), were used for single or double labeling. All of the second-
ary antibodies were tested for cross-reactivity and nonspecific
immunoreactivity. The following primary antibodies were used:
nestin (611658; BD Biosciences, San Diego, http://www.bdbio-
sciences.com; 1:500), B-lll-tubulin (clone SDL.3D10, T8660; Sig-
ma; 1:1,000), glial fibrillary acidic protein (GFAP) (Z0334; Dako-
Cytomation, Glostrup, Denmark, http://www.dakocytomation.
com; 1:2,000), p75 (AB52987; Abcam, Cambridge, U.K., http://
www.abcam.com; 1:50), tyrosine hydroxylase (TH) (P40101; Pel-
Freeze Biologicals, Rogers, AR, http://www.pelfreez-bio.com/;
1:500), peripherin (MAB5380; Chemicon, Temecula, CA, http://
www.chemicon.com; 1:250), S100b (S2532; Sigma; 1:500),
Sox10 (Ab25978-100; Santa Cruz Biotechnology Inc., Santa Cruz,
CA, http://www.scbt.com; 1:250), Sox9 (SC20095; Abcam;
1:250), CD44 (Ab24504; Abcam; 1:500), dopamine B-hydroxy-
lase (DBH) (Ab96615; Abcam; 1:200), human nuclei (MAB1281;
Millipore, Billerica, MA, http://www.millipore.com; 1:250),
HNK1 (C0678; Sigma; 1:500), Pax3 (mouse IgG2a; Developmental
Studies Hybridoma Bank, lowa City, IA, http://www.uiowa.edu/
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~dshbwww; 1:300), Isletl (394D5; Developmental Studies Hy-
bridoma Bank; 1:200), neurofilament (3A10; Developmental
Studies Hybridoma Bank; 1:200), and smooth muscle actin
(Ab5694; Abcam; 1:300).

The quantification of immunoreactive cells in culture was
performed by analyzing fluorescent images using Photoshop
(Adobe Systems Inc., San Jose, CA, http://www.adobe.com)ona
minimum of 5,000 cells of at least 10 randomly chosen fields
derived from three or more independent experiments. The num-
ber of Hoechst-labeled nuclei on each image was referred as
total cell number (100%).

Gene Expression and Reverse Transcription-Polymerase
Chain Reaction Analysis

Total RNA was prepared using the RNeasy Mini kit according to
the manufacturer’s instructions (Qiagen, Hilden, Germany,
http://www.giagen.com). RNAs isolated from NCSC and
Schwann cell populations were hybridized to lllumina Human
HT-12 BeadChip (lllumina Inc., San Diego, http://www.illumina.
com; performed by the microarray core facility at the Burnham
Institute for Medical Research). All the data processing and anal-
ysis was performed using the algorithms included with the Illu-
mina BeadStudio software. The background method was used
for normalization. For the processed data, the dendrogram was
conducted by global array clustering of genes across all the
tested samples by using the complete linkage method. A differ-
entially expressed gene was defined if the gene showed twofold
expression change between any two samples. Unsupervised
two-way hierarchical clustering of differentially expressed genes
using log2 signal values for each gene across all samples was
analyzed with The Institute for Genomic Research (Rockville,
MD, http://www.jcvi.org) Multiexperiments Viewer v4.5.1,
which used complete linkage and Euclidean distance metric to
generate the heat map. All cell line correlations were a measure
of Pearson’s coefficient, implemented in R system (R Foundation
for Statistical Computing, Vienna, Austria, http://www.r-project.
org).

Approximately 2 ug of RNAs isolated from ESCs, NSCs,
NCSCs, NCSC-derived Schwann cells, and an immortalized
Schwann cell line were reverse-transcribed into single-strand
cDNA using oligo(dT) 18-mer primers and the SuperScript Il First-
Strand Synthesis System (Invitrogen) according to the manufac-
turer’s recommendations. Primer sequences and annealing tem-
peratures are provided (supplemental online Table 1).

In Ovo NCSC Injection

Fertile White Leghorn chicken (Gallus gallus) eggs were obtained
from Merrill’s Hatchery (Merrill Poultry Farm Inc., Paul, ID) and
incubated to the desired stage in a humidified incubator at 38°C.
The embryos were injected between the 7th and 11th somite
stages beneath the cranial ectoderm adjacent to the neural tube
in the migratory path of endogenous neural crest. Human NCSCs
(hNCSCs) were cultured as described and harvested by Accutase
treatment. Pelleted hNCSCs were injected into the chicken em-
bryo through a glass needle by picospritzer. The embryos were
incubated and allowed to develop for 24, 48, 72, and 96 hours.
The embryos were collected and prepared for cryosectioning
and immunohistochemical staining as previously described [34,
35].

Schwann Cell Differentiation

Schwann cell differentiation was initiated by culturing NCSCs in
MesenPRO medium (Invitrogen) supplemented with 20 ng/ml
heregulin-B1 for 40 days. The medium was changed every other
day.

Peripheral Neuronal Differentiation

For neuronal differentiation, NCSCs were plated on polyorni-
thine-laminin-coated culture dishes in Neurobasal medium sup-
plemented with B27 (1X), brain-derived neurotrophic factor
(BDNF) (10 ng/ml), ascorbic acid (200 wM), nerve growth factor
(NGF) (10 ng/ml), and dibutyryl cyclic AMP (dcAMP) (0.1 mM).
After 5 days of differentiation, the dcAMP was withdrawn, and
the cells were continuously differentiated for 3—4 weeks with a
medium change every other day.

Non-Neural Differentiation

Osteogenic Differentiation

NCSCs were cultured on Geltrex-coated plates in MesenPRO me-
dium for 2 weeks followed by 4 weeks in osteogenesis differen-
tiation medium (Invitrogen). Differentiation was assessed by
alizarin red S staining.

Chondrogenic Differentiation

NCSCs were plated into Geltrex-coated tissue culture plates and
cultured in MesenPRO medium for 2 weeks. The desired number
of cells (250,000 per pellet) was then cultured as pellets in 15-ml
conical tubes in complete chondrogenic medium (Invitrogen)
with a medium change every 3—4 days. The cultures were fixed
with 4% formaldehyde for 30 minutes after 4 weeks, and chon-
drogenic differentiation was assessed by immunohistochemistry
(Alcian Blue).

Adipogenic Differentiation

NCSCs were plated on Geltrex-coated tissue culture plates in
MesenPRO medium (Invitrogen) for 2 weeks. The cells were then
cultured in complete adipogenesis differentiation medium (In-
vitrogen) for 4 weeks with a medium change every 3—4 days. The
cultures were fixed with 4% formaldehyde for 30 minutes after 4
weeks, and adipogenic differentiation was assessed by Oil Red O
staining.

Myelinating Cultures

Myelinating cultures were prepared as described previously
[36]. Embryonic DRGs were prepared from embryonic day 15 rat
pups. After trypsinization, rat DRG neurons were plated on col-
lagen-coated plastic dishes (Sigma-Aldrich). To eliminate endog-
enous Schwann cells and fibroblasts, the cultures were treated
twice for 24 hours with cytosine arabinoside (10 wM) and were
subsequently maintained for 5-7 days in neurobasal medium
(Invitrogen) supplemented with 1% fetal bovine serum (FBS) (Hy-
Clone, Logan, UT, http://www.hyclone.com), 2 M L-glutamine,
2% B27 serum-free supplement (Invitrogen), and 10 ng/ml NGF
(Sigma-Aldrich). In the case of significant contamination with en-
dogenous non-neuronal cells, cycles of cytosine arabinoside
treatment were repeated until all glial cells were eliminated. For
coculture experiments, human Schwann cells were seeded onto
rat DRG neurons at a density of 10,000 cells per well on 24-well
plates or 50,000 cells per well in 35-mm plastic dishes. To initiate
myelination, cell cultures were switched to myelination medium
containing Eagle’s medium with Earle’s salts and 15% FBS, 10
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ng/ml NGF, and 50 ug/ml ascorbic acid (Sigma-Aldrich). Medium
was replenished every 2—3 days, and after 3 weeks of culturing,
cells were fixed and stained with a combination of anti-human
nuclei monoclonal antibody (MAB 1281; Millipore; 1:400),
anti-myelin basic protein (MBP) (05-675; Millipore; 1:500), and
anti-neurofilament antibodies (AB1989 [Millipore] or AB1982
[Chemicon]; 1:500).

Baculovirus Preparation and Transduction

Baculoviral vector carrying a green fluorescent protein (GFP)
driven by the cytomegalovirus (CMV) promoter was obtained
from Life Technologies (Rockville, MD, http://www.lifetech.
com), and viral particles were prepared accordingly to the man-
ufacturer’s instructions. For transduction, hESC-derived NCSCs
and NCSC-derived Schwann cells were infected with baculoviral
particles at ratio of 500—1,000 multiplicity of infection for 30
minutes at room temperature on a rocker. Transduced cells were
plated on culture dishes without virus removal and cultured
overnight at 37°C. Viral particles were removed by a medium
change the next day.

RESULTS

Isolation and Culture of NCSCs from hESCs

We have previously shown that hESCs cultured under condi-
tions for NSC generation via EB formation form rosettes that
give rise to NSCs and their derivatives that comprise the cen-
tral nervous system (CNS) [29]. We observed a substantial
number of cells migrating out of the rosettes and hypothesize
that this population contains NCSCs based on the origin of NC
from in vivo developmental studies and previous work with
hESC model [25, 37—-40]. To initiate NC differentiation, hESCs
colonies were detached and cultured as EBs (Fig. 1A) in a novel
medium (1:1 ratio of NSC medium and medium conditioned
on stromal cells) that appeared to promote NC induction in
the presence of rock inhibitor and ascorbic acid for 10 days
followed by adherent culture in the same medium. Four days
after EB attachment (14 days after initiation of hESC differen-
tiation), the majority of the cells migrated out of the rosettes
expressed p75, a marker of NCSC lineage, and the neural
marker nestin (Fig. 1B, 1C). Furthermore, these p75- and nes-
tin-positive cells were colabeled with Sox9, another marker of
NCSCs (Fig. 1D). In addition, the migratory cells expressed
HNK1, a gene that is expressed in NC (Fig. 1E). In general, the
cells that migrated out of the rosettes expressed a high level
of NC markers p75, Sox9, and HNK1, whereas the rosettes at
the center of the EBs were negative for Sox9 and HNK1; both
populations expressed neural marker nestin. This result indi-
cated that NCSCs can be induced efficiently by extrinsic sig-
nals.

Since the majority of the cells migrated out can be live-
stained with p75, we purified p75-positive cells by FACS. As seen
in Figure 1F, approximately 46% of total cells were isolated by
FACS with p75 after 14 days of differentiation (supplemental
online Fig. 1). The FACS-isolated NCSCs were uniformly express-
ing p75 by live staining (Fig. 1G). Furthermore, these cells ex-
pressed Sox9 and Sox10, which are transcription factors ex-
pressed during NC specification, and CD44, which is a marker of
premigratory and migratory cranial NC [41].

www.StemCellsTM.com

NCSCs Can Be Propagated In Vitro While Maintaining
Their NCSC Identity

Although several research groups have generated NC lineage
from hESCs [25, 27, 28, 38, 42], one major issue encountered
with studying NC is the difficulty of expanding NCSCs in vitro
without losing NCSC identity (the ability to differentiate into
NC lineage) because of the transient nature of this stem cell
population. We showed that stage-specific exposure of hESCs
to growth factor withdrawal and to medium conditioned on
stromal cells was sufficient to induce NCSCs and wished to
test whether this medium and growth factor combination
would allow us to propagate NCSCs for an extended period in
vitro. As seen in Figure 2A—2D, morphologically, NCSCs at pas-
sage 5 (P5) (Fig. 2C, 2D) were similar to NCSCs initially isolated
by FACS (Fig. 2A). Immunocytochemical analysis showed that
P5 NCSCs were positive for Sox9 and Sox10 but negative for
Sox1 and Sox2 (Fig. 2E-2H), which is in contrast to hESC/iPSC-
derived NSCs of the CNS that are positive for Sox1 and Sox2
but negative for Sox9 and Sox10 (Fig. 2K-2N). Generation and
characterization of NSCs from hESCs and iPSCs have previ-
ously been described in great detail [29, 43]. In brief, a homo-
geneous population of NSCs was isolated and expanded from
the rosette structures induced by FGF2 during hESC/iPSC dif-
ferentiation via EB formation. Sox2 is a widely accepted
marker for early neuroepithelial cells such as NSCs but is
downregulated in migratory NC progenitors [44—46]. More-
over, P5 NCSCs continued expressing NC markers CD44 and
HNK1 (Fig. 21, 2J), which are absent in NSCs (Fig. 20, 2P).

We then tested whether NCSCs can be cryopreserved and
found that these cells could be thawed with greater than 90%
viability. Cytogenetic analysis of P7 cells confirmed that in vitro-
expanded NCSCs retained a normal karyotype (data not shown).
We also validated that late passaged NCSCs retained the ability
to differentiate into PNS neurons and glia as well as non-neuro-
nal lineages (see below).

To further characterize in vitro-cultured NCSCs, we per-
formed a large-scale microarray analysis of gene expression pro-
filing of NCSC populations at P2 and P7 and compared the ex-
pression profiles of NSCs derived from the same hESC line H9
(Fig. 3A, 3B). Table 1 provides a list of genes that are highly ex-
pressed in the NCSC populations versus the NSC population.
Transcripts that are upregulated in both P2 and P7 NCSCs in-
cluded key markers of neural plate border induction (Msx1 and
BMP2), neural plate border specifiers and NC specifier (Snail,
Sox9, ZIC1, and AP2), and epithelial to mesenchymal transition
(Slug and cadherin). Expression of a subset of these genes was
validated by reverse transcription (RT)-polymerase chain reac-
tion (PCR) and/or real-time PCR analysis. Previously validated
genesinclude p75, Sox9, AP2, and Slug (Fig. 3C and supplemental
online Fig. 2A, 2B).

In Ovo NCSC Injection

To evaluate the behavior of hESC-derived NCSCs in an environ-
ment where NC cells are known to differentiate, hESC-derived
NCSCs were transplanted by picospritzer injection into the heads
of developing chick embryos at somite stages 7-11 when endog-
enous chick NC cells begin to migrate from the dorsal neural
folds. At 24 and 48 hours postinjection (hpi), human cells could
be identified by immunostaining for a human nuclear stain
(HuNu) and were located primarily as conglomerates adjacent to
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Figure 1. Induction and purification of neural crest stem cells (NCSCs) from human embryonic stem cells (hESCs). When hESCs differentiated
via EB formation, a subpopulation of cells appeared to have a neural crest phenotype. (A): hESC were detached and cultured as EBs for 10 days
followed by adherent culture for 4 days. (B, C): The cells migrating out of the rosettes were immunostained for p75 (B) and nestin (C). (D): Sox9
staining was observed in those nestin-positive cells. (E): The migrating cells also expressed neural crest marker HNK1. (F): For fluorescence-
activated cell sorting (FACS), dissociated cells from attached EBs were sorted for expression of p75. (G): The FACS-sorted cells were highly
enriched in p75 population by live staining. The cell nuclei were visualized by 4’,6-diamidino-2-phenylindole (blue). Abbreviations: FSC-A,

forward scatter area; PE-A, phycoerythrin area.

cranial ganglia or within the forming cranial ganglia. Some indi-
vidual cells were also observed throughout the head mesen-
chyme (Fig. 4A-4C). HuNu™ cells were HNK1 immunoreactive
and were typically found intermingled with HNK1™ chicken NC
cells. Some human NCSCs were also weakly Pax3™, as is typical of
migratory chick neural crest cells. There was no indication of
neuronal differentiation, which at this stage is primarily re-
stricted to differentiating placode-derived neurons, which are
also Islet1™. At 72 hours, when neuronal differentiation of chick
neural crest cells is more apparent, the cells were similarly lo-
cated, and careful examination of human cell aggregates re-
vealed that they did not express Islet1; a few cells appeared to be
immunoreactive for neurofilament (NF), and many cells were
found near NF cell processes within and near the human cell
aggregates (Fig. 4D—4F).

Additional experiments were then carried out to examine
the potential of NCSCs to generate neurons. The cells were
again injected as described, and the embryos were allowed to
develop to 96 hpi and assayed for the neuronal-specific B-IlI-
tubulin marker. In embryo sections, several human cells ex-
pressed B-IlI-tubulin (Fig. 4G—4l), indicating that human NC-
SCs can differentiate to neurons as in an embryonic
environment.

Differentiation of NCSCs to Schwann Cells

Schwann cells are the principal glia of the PNS that keep periph-
eral nerve fibers (both myelinated and unmyelinated) alive. To
test whether hESC-derived NCSCs (both early and late passaged
cells, as well as cells that were cryopreserved) can differentiate
into Schwann cells, we tested several protocols for generation of
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Neural crest stem cells

Neural stem cells

Figure 2. Fluorescence-activated cell sorting-isolated neural crest stem cells (NCSCs) can be propagated for more than five passages in NCSC
medium. In vitro-propagated NCSCs expressed p75, Sox9, and Sox10 and retained the ability to differentiate into various NC lineages. (A-D):
Morphology of NCSCs at passage 1 before freezing (A) and after thawing (B) and passage 5 before freezing (C) and after thawing (D). (E-P):
NCSCs expressed the NCSC markers Sox9 (E), Sox10 (F), CD44 (1), and HNK1 (J) but negative for Sox1 (G) and Sox2 (H), in contrast to central
nervous system NSCs derived from the same ESC line, which expressed Sox1 (M) and Sox2 (N) but were negative for Sox9 (K), Sox10 (L), CD44
(0), and HNK1 (P). The cell nuclei were visualized by 4’,6-diamidino-2-phenylindole (blue). Scale bars = 50 um.

Schwann cells from hESC-derived NCSCs. We found that the com-
bination of several growth factors in a defined basal medium
(mesenchymal stem cell [MSC] medium) promoted efficient
Schwann cell differentiation. Morphologically, most of the
NCSCs were changed from a monolayer of polygon shape to a
bipolar, spindle-like shape 3 weeks postdifferentiation (Fig. 5A).

www.StemCellsTM.com

Immunocytochemical analysis showed that approximately 78%
and 85% of the differentiated cells were positive for GFAP and
$1008, respectively (Fig. 5B, 5C), after 6 weeks of differentiation.
To distinguish these cells from GFAP™ astrocytes of the CNS, we
examined the expression of additional markers by immunocyto-
chemistry and found that more than 90% of the differentiated
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Figure 3. Gene expression profiling of NCSCs by Illumina microarray. Gene expression profiling of four samples (NSCs derived from undif-
ferentiated hESC lines H9 and H14 and NCSCs derived from H9 at passages 2 and 7) revealed similarities and differences between NSCs and
NCSCs. (A): A dendrogram of unsupervised one-way hierarchical clustering analysis of global gene expression data in NSCs derived from H9
and H14 and H9-derived NCSCs at passages 2 and 7. (B): Unsupervised two-way hierarchical cluster analysis of differentially expressed genes
illustrated in a heat map. NSCs derived from H9 and H14 hESC lines and H9-derived NCSCs at passages 2 and 7 are clustered into two groups.
Expression values are presented as the log2 signal value of the given gene. (C): Reverse transcription-polymerase chain reaction analysis of
marker genes for NCSCs derived from H9 compared with NSCs as well as naive hESCs. Expression of the GAPDH housekeeping gene was used
as an internal control. Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; hESC, human embryonic stem cell; NCSC, neural

crest stem cell.

cells were positive for p75 and Sox9 (Fig. 5D, 5E). RT-PCR and
real-time PCR analyses showed that several glial-specific markers
(ErbB3, MBP, PLP1, and PMP22) were expressed in the differen-
tiated Schwann cell population, although the expression level of
MBP was low (Fig. 5F and supplemental online Fig. 2C). These
results indicated that the cells generated by our differentiation
protocol are similar to genuine Schwann cells in terms of marker
expression.

To further characterize the properties of NCSC-derived
Schwann cells, we performed a whole-genome expression
analysis using the lllumina microarray and compared the gene
expression profile of hESC-derived Schwann cells with that of
an immortalized Schwann cell line derived from human fetal

tissue [36]. In general, the expression profiles of these two
populations are similar, as the correlation of Schwann cells
differentiated from hESC-derived NCSCs and immortalized
human Schwann cell line is 0.90 (p < .01) (Fig. 5G). Expression
of selected genes categorized by transcription factors, growth
factors, and receptors is shown in supplemental online Table
2. As expected, Schwann cell-specific markers, such as tran-
scription factors Slug (Snail2), S100A, ERBB3, and integrin A4,
as well as NC markers expressed by Schwann cells (p75, Sox9,
and TWIST), were detected in NCSC-derived Schwann cell
samples. Several genes were highly expressed in both popu-
lations, suggesting that these markers might be useful for
human Schwann cell-specific markers.
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Table 1. A list of genes that are highly expressed in the NCSC population versus the NSC population

Gene HINCSC_P3 HINCSC_P7 H9_NSC Ratio (HONCSC_P3/H9_NSC)
SNAI1 172 1 1 172
MSX2 2,257 2,400 16 141
MSX1 10,250 1,935 187 55
ITGA9 544 195 12 44
CD44 4,931 4,426 140 35
CDH11 15,673 25,923 1,029 15
SNAI2 4,758 6,696 363 13
SOX9 9,840 2,949 782 13
NGFR (p75NTR) 395 103 32 12
TWISTL 6,721 2,090 564 12
ZIc1 12 9 1 12
ITGB2 394 320 35 11
ITGA4 351 262 48 7
D1 11,164 4,118 1,603 7
BMP2 805 844 134 6
TFAP2A (AP2q) 1,405 1,112 236 6
DLX3 245 53 47 5
NEUROG3 64 9 15 4
ERBB3 103 33 25 4
ITGB7 39 204 10 4
MYC 2,190 1,638 627 3
BMP7 800 1 342 2
BMP4 114 391 51 2

Abbreviation: NCSC, neural crest stem cell; NSC, neural stem cell.

NCSC-Derived Schwann Cell Myelinated Rat Sensory
Axons

The model of Schwann cells cocultured with DRG neurons, fol-
lowed by the induction of myelination with progesterone and
ascorbic acid, provides an excellent experimental setting to ex-
amine myelination by Schwann cells. To determine whether
Schwann cells differentiated from hESC-derived NCSCs have the
ability to myelinate peripheral axons in vitro, Schwann cells were
added to established cultures of rat embryonic DRG sensory neu-
rons. After 3 weeks in culture, hESC-derived Schwann cells had
ensheathed bundles of sensory axons, and myelin segments
could be visualized with anti-MBP staining (Fig. 5H-5K). An anal-
ysis of single myelin segments confirmed that human Schwann
cells and not residual contaminating rat glial cells were the my-
elin-forming cells as revealed by Schwann cell nuclei labeled with
anti-human nuclear antibody (Fig. 5J). The number of myelinated
internodes in cell cultures of hESC-derived Schwann cells was
low, similar to our previous report with immortalized human
Schwann cells, approximately 100-fold less in comparison with
rat Schwann cells [36].

Differentiation of NCSCs to Peripheral Neurons and
Mesenchymal Lineages

In vivo, the NC gives rise to a wide range of derivatives in the
vertebrate embryo, including neurons in the PNS. We examined
whether NCSCs derived and expanded from hESCs under our
culture conditions can differentiate into peripheral neurons such
as sensory neurons and sympathetic neurons. Neuronal differ-
entiation was induced by treatment of NCSCs with NGF, BDNF,
and dibutyryladenosine 3’,5'-cyclic monophosphate (dbcAMP)
for 5 days followed by withdrawal of dbcAMP but in the presence
of NGF and BDNF for 4—6 weeks. After 15 days of differentiation,
the majority of the differentiated cells resembled neurons and
coexpressed B-llI-tubulin/peripherin (Fig. 6A, 6B). A subset of
these neurons also expressed markers of peripheral sensory
neurons Brn3a (Fig. 6C) or of sympathetic neurons, TH, and B-IlI-
tubulin (Fig. 6D). Quantitative analysis showed that an average of
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25% of cells expressed Brn3a, whereas 2% of cells expressed TH.
Most TH-positive cells also expressed the noradrenergic marker
DBH (Fig. 6E).

To determine whether hESC-derived NCSCs can differentiate
into mesenchymal lineages, we cultured NCSCs under conditions
that favored for MSC culture. After 2 weeks of differentiation in
MSC medium, cells with mesenchymal morphology and marker
expression smooth muscle actin emerged (Fig. 6F). After 4 weeks
of further culture, these mesenchymal precursors differentiated
into several cell types, including adipocytes stained by Oil Red O,
osteogenic cells stained by alizarin red, and chondrocytes
stained by Alcian Blue (Fig. 6G—6l). These results suggested that
in vitro-expanded NCSCs retained the ability to differentiate to
cells of the mesenchymal lineage.

Baculoviral Vector-Mediated Transgene Expression in
NCSCs and Schwann Cells

For the study of PNS disorders, it is crucial to be able to introduce
and express exogenous constructs in NC lineages in order to as-
sess gene function. We have previously developed a platform
technology that uses an insect virus backbone (baculovirus) to
deliver large payloads efficiently in hESC-derived NSCs and post-
mitotic neurons [43]. We tested this delivery system with a ubig-
uitous promoter (CMV) driving GFP in hESC-derived NCSCs and
Schwann cells derived from them. As seen in supplemental on-
line Figure 4A and 4B, approximately 60% of NCSCs were ex-
pressing GFP 24 hours after infection as assessed by FACS anal-
ysis (supplemental online Fig. 3). Likewise, transduction is
efficientin NCSC-derived Schwann cells as 80% of cells expressed
GFP 2 days after infection (supplemental online Fig. 4C, 4D).

The Same NCSC Protocol Can Be Used for iPSC and
Engineered hESC Lines

The ability to reprogram human somatic cells to iPSCs makes it
possible to generate iPSC lines from patients with PNS disorders
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Figure 4. Neural crest stem cell (NCSC) behavior in an embryonic environment. Human embryonic stem cell (hESC)-derived NCSCs were
grafted into the endogenous neural crest cell migratory streams in early chicken embryos. (A—C): Immunostaining 48 hours after NCSC cell
injection revealed human cells colocalized with chick neural crest cells, including cells localized to the Vg, as evidenced by HuNu and HNK1
immunoreactivity. Some NCSCs also expressed Pax3 weakly, similar to adjacent chick neural crest cells. High levels of Pax3 expression, along
with expression of an early neuronal differentiation marker, Isletl, indicate nearby placode-derived neurons. (D—F): Immunostaining 72 hours
after NCSC cell injection showed human cells coalescing near cranial ganglia and neurofilament-reactive tissues. Most human cells did not
appear to be neurons themselves, because only a few cells human cells showed immunoreactivity for neurofilament protein, and none were
Islet1-positive. The cells were also negative for smooth muscle actin. (G-L): Immunostaining 96 hours after NCSC cell injection showed human
cells robustly expressing the neuronal marker B-lll-tubulin. The particular antibody used is strongly immunoreactive for mammalian B-llI-
tubulin and only weakly immunoreactive for chicken B-llI-tubulin, thereby making it possible to clearly identify the human cells and neuronal
processes in contrast to regions of chick neuronal tissue. Abbreviations: HuNu, human nuclear stain; hpi, hours postinjection; NF, neurofila-

ment; SMA, smooth muscle actin; Vg, trigeminal ganglion.

for disease mechanism studies and potential personalized med-
icine. Likewise, novel technologies of more efficient gene target-
ingin hESCs (e.g., zinc finger nuclease technology) allow for func-
tional gene analysis using knockin/knockout hESC lines targeting
genes involved in NC development. We therefore wished to ad-
dress whether NCSCs can be generated from iPSC lines and ge-
netically engineered hESC lines and be differentiated into the
relevant cell types using the identical protocols.

We first tested whether iPSCs can differentiate into NCSCs
using an iPSC line generated by integration-free technology [47].
Similar to hESC differentiation, cells migrating out of the rosette
structures in the EBs expressed p75 and could be isolated by
FACS. FACS-isolated NCSCs can be propagated in vitro for five
passages without losing the ability to differentiate into Schwann
cells and PNS neurons (supplemental online Fig. 5A-5F). We did
not observe significant differences between iPSC and hESCs lines
regarding the efficiency of NC induction and timeline.

We then tested a genetically modified hESC line H9 (iC23)
generated by site-specific recombination in which a GFP is
tagged to a known locus on chromosome 13 [48]. We have pre-
viously shown that this line differentiates into many lineages, in-
cluding midbrain dopaminergic neurons, without any gene silencing
issues. Here we showed that iC23 could differentiate into NCSCs and
Schwann cells similar to its parent line H9 and NCSCs derived from
iC23 uniformly expressed GFP (supplemental online Fig. 5G). Impor-
tantly, GFP expression was persistent when NCSCs differentiated
into Schwann cells (supplemental online Fig. 5H, 5I).

DiscussION

The NC gives rise to neurons and glia in the PNS, which is an
important component of the nervous system. Disorders of differ-
ent components in the PNS result in a wide variety of functional
deficits. These disorders range from peripheral demyelination
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Figure 5. Propagated NCSCs can differentiate into Schwann cells that myelinate rat dorsal root ganglia (DRG) neurons in vitro. (A—E): The
figure shows the immunostaining of Schwann cells, which are efficiently generated from human embryonic stem cell (hESC)-derived NCSCs.
(A): hESC-derived NCSCs grown for 3 weeks in defined based medium combining with growth factors exhibited Schwann cell precursor-like
bipolar morphology. (B—E): Immunocytochemical analysis. (B, C): Immunostaining for Schwann cell markers GFAP (B) and S100p3 (C) after 6
weeks of differentiation. (D, E): Expression of Schwann cell markers p75 (D) and Sox9 (E). The cell nuclei were visualized by 4’,6-diamidino-
2-phenylindole. (F): Reverse transcription-polymerase chain reaction analysis for Schwann cell markers for hESC-derived Schwann cells and
immortalized Schwann cell line. The figure shows expression of transcripts for Schwann cell markers p75, Sox9, and ERBB3 and myelin markers
PMP-22, MBP, and PLP. Expression of the GAPDH housekeeping gene was used as an internal control. (G): The overall correlation coefficient
(R) between hESC-derived Schwann cells and immortalized Schwann cells was measured by Pearson’s coefficient using gene expression data.
After 3 weeks of coculture, hESC-derived Schwann cells myelinated segments of rat DRG neurons. (H): Image of myelinated segments as
stained with anti-MBP and anti-human nuclear antigen (arrows point to hESC-derived Schwann cell nuclei). (I): Anti-neurofilament-stained rat
DRG neurons. (J): Phase-contrast image shows the nuclei that were stained with anti-human nuclear antigen in (A). (K): Composite image
pointing to hESC-derived Schwann cells myelinating rat DRG axons. Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
GFAP, glial fibrillary acidic protein; MBP, myelin basic protein; NCSC, neural crest stem cell.

disorders to aganglionic megacolon (Hirschsprung disease) and
sensory neuropathies. Such diseases have been difficult to ex-
amine because human sources of these populations are not
readily available, and the existing mouse models, although
useful, do not fully replicate these disorders. The recent ad-
vances in obtaining pluripotent stem cells from normal and
diseased individuals and our ability to direct differentiation of
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pluripotent stem cells along specific lineages (e.g., NClineage)
allowed us for the first time to develop in vitro models for
these diseases. In the present study, we report the induction
and purification of NCSCs from hESCs and iPSCs that can be
propagated in vitro for an extended period and be cryopre-
served without losing the ability to differentiate into PNS neu-
rons and glia, as well as cells of the mesenchymal lineage. We
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Figure 6. Neural crest stem cells (NCSCs) derived from human embryonic stem cells (hESCs) differentiate into neuronal and non-neuronal
cells. (A—E): The figure shows that hESC-derived NCSCs can be specified to go toward peripheral neurons, as shown by immunocytochemistry.
(A, B): The majority of the cells coexpressed B-lll-tubulin and peripherin after 2 weeks of differentiation. (C): Peripherin and Brn3a staining
indicates differentiation into peripheral sensory neurons. (D): TH and B-Ill-tubulin staining indicates differentiation into sympathetic neurons.
(E): Expression of noradrenergic marker DBH in TH* neurons differentiated into mesenchymal lineage. (F): The mesenchymal precursor cells
positive for SMA by immunostaining emerged 2 weeks after differentiation. (G-1): Adipogenic, chondrogenic, and osteogenic differentiation
of mesenchymal precursors derived from NCSCs. (G): Oil Red O staining was used to detect adipocytes. (H, I): Alizarin red showed osteogenic
cells (H), and Alcian Blue staining of cross-section of day 21 chondrogenic pellet showed the chondrogenic differentiation (I). Abbreviations:
DBH, dopamine 3-hydroxylase; SMA, smooth muscle actin; TH, tyrosine hydroxylase.

also describe a novel method of generating a nearly pure pop-
ulation of functional Schwann cells from hESC-derived NCSCs,
which can be cryopreserved and were capable of myelinating
primary neurons in coculture.

One critical aspect of the process of NC differentiation is
whether NCSCs can be purified, expanded in vitro, and stored
while maintaining the NCSC identity. To address this issue, we
developed a stage-specific differentiation process that can be
broken into the following steps: (a) induction of migrating NCSCs
that express NC markers p75, Sox9, and Sox10; (b) purification of
NCSCs by FACS with p75; (c) in vitro culture/expansion of
NCSCs; and (d) differentiation of NCSCs to various cell types. Each
of these steps can use a medium with a combination of growth
factors and a defined substrate. Although several research
groups have reported NC differentiation from hESCs, most of the
previously described methods used a continuous differentiation
protocol to generate NC lineages (e.g., sensory neurons and
Schwann cells) directly from pluripotent cells [25, 27, 28, 38, 42].
Such methods are difficult to scale up and in general take many
weeks if not months to obtain a certain cell type and with limited
purity. We have focused our effort on developing a method/
medium that can arrest the cells at the NCSC stage in an attempt
to improve differentiation efficiency and to enable scaling up.
We found that a combination of a medium conditioned on stro-
mal cells with a medium we previously used for NSC expansion

promoted NCSC induction and proliferation. NCSCs cultured un-
der this condition for seven passages and/or cryopreserved were
similar to initial FACS-isolated NCSCs in terms of gene expression
profiles by microarray and immunocytochemistry and the ability
to differentiate into various NC lineages in vitro and in develop-
ing chicken embryos.

Schwann and sensory lineages are very important, and many
diseases (e.g., Charcot-Marie-Tooth, Schwannomatosis, and
phantom limb syndrome) affect them. For an average-size my-
elinated peripheral nerve, motor or sensory, the ratio of the vol-
ume of axoplasm to neuronal cytoplasm is staggeringly large. To
date most of the “neuroprotective” strategies have focused on
rescuing the neuronal cell body or preventing cell death, but in
many diseases affecting the PNS, there is often no cell death.
Even a minimal distal degeneration of axons, mediated by local
events, can lead to a functional loss of the neuron. There is a
growing body of literature suggesting that mechanisms underly-
ing cell death in neurons and axonal degeneration are different
and that we need to pay attention to local events in the axon.
Another issue that brings up the relevance of Schwann cells in
neurodegenerative disorders is the realization that disorders
such as amyotrophic lateral sclerosis are likely to be non-cell-
autonomous, that is, non-neuronal cells play an important role in
disease pathogenesis. Most of the recent research has, however,
focused attention on CNS glia or the target tissues and ignored
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the Schwann cells, which has a much higher cell-to-neuron ratio.
We need to consider dysfunction in Schwann cells as a potential
target for investigating pathogenesis in neurodegenerative dis-
orders affecting the PNS. In addition, transplant and repairin PNS
are much easier than in CNS. To facilitate such studies, it is there-
fore critical that a large number of functional Schwann cells can
be generated. Our method not only provides a protocol of gen-
erating pure Schwann cells but also allows us to passage and
store Schwann cells in vitro, making scale-up feasible. Most im-
portantly, Schwann cells generated by this method can my-
elinate rat DRG neurons. We noted, however, that the effi-
ciency of myelination was low compared with that of rat
Schwann cells (similar to immortalized human Schwann cell
line) and are currently testing myelination in a human neuron
culture system.

Recent advances in iPSC technology suggest that it is possible
to perform normal and disease comparisons, run screens, and
generate sufficient cells for therapy [49-54]. Here we demon-
strate that NC lineages can be derived from iPSCs in a similar
manner as from hESC lines. Our results also show that the same
NC differentiation process can be applied to genetically modified
hESCs, which will be useful for in vitro and in vivo analysis of NC
development if hESC lines targeting genes regulating NC fate can
be generated. In addition, we showed that NCSCs and Schwann
cells could be efficiently transduced by a baculoviral vector de-
livering episomal DNA, demonstrating that gene function studies
and disease modeling can be readily performed in this popula-
tion of cells.

CONCLUSION

We have developed a scalable process of deriving and expanding
NCSCs from human pluripotent stem cells (hPSCs) that can give
rise to many cell types of the NC lineage, including Schwann cells,

that are able to myelinate rat DRG neurons. Our work provides a
path to generate large numbers of cells of the NC lineage from
hESC and patient-specific iPSCs for potential cell therapy and
drug screening. We acknowledge that our protocols currently
are not xeno-free, but as with our previous reports on hPSC-
derived dopaminergic neurons, we believe we can easily extend
these observations to make clinical grade PNS derivatives as
well.
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